Administration of the mTORC1 inhibitor, rapamycin, to humans blocks the increase in skeletal muscle protein synthesis in response to resistance exercise or amino acid ingestion.
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Introduction
The preservation or growth of skeletal muscle mass represents an important treatment strategy for numerous debilitating clinical conditions [1] [2] [3] [4] . Alterations in skeletal muscle mass are largely dependent upon the relationship between muscle protein synthesis and muscle protein breakdown, such that when one process is chronically favored over the other muscle mass is either gained or lost. Consequently, changes in skeletal muscle protein metabolism are commonly examined to understand the therapeutic potential of various treatment strategies (i.e., exercise and nutrition) aimed to preserve or increase skeletal muscle mass [5] [6] [7] [8] . In addition, although not fully elucidated, key cellular mechanisms regulating changes in muscle protein metabolism are beginning to be uncovered [9, 10] , and consequently these findings provide important targets for intervention. While great strides have been made regarding the regulation of skeletal muscle protein metabolism in response to various interventions, the mechanism(s) involved in regulating basal skeletal muscle protein metabolism are less well defined. This research focus is important considering skeletal muscle mass is likely governed primarily by basal protein metabolism in numerous clinical conditions, in particular those that do not allow for physical activity.
Signaling through mTORC1 has become a focal point of numerous investigations examining the cellular mechanisms contributing to increased rates of muscle protein synthesis in response to various interventions [11] . The ability to better understand the regulatory role of mTORC1 signaling, with respect to increases in protein synthesis, has been accelerated with the use of rapamycin, a potent mTORC1 inhibitor [12] . For instance, several animal models have demonstrated that growth and/or increases in protein synthesis rate in response to anabolic stimuli (i.e., nutrition, mechanical stimulation) are blocked or attenuated with prior rapamycin administration, likely facilitated through inhibition of mTORC1 signaling [12] [13] [14] [15] [16] [17] . Similarly, our laboratory has recently demonstrated that prior administration of rapamycin to humans blocks the increase in skeletal muscle protein synthesis rate in response to high intensity resistance exercise [18] or essential amino acid ingestion [19] . While it is well understood that rapamycin administration is able to block increases in protein synthesis in response to a stimulus, interestingly rapamycin administration has not been shown to effect basal rates of protein synthesis in animal models [14] [15] [16] 20] . Whether rapamycin administration has an affect on basal skeletal muscle protein synthesis in humans has yet to be investigated.
In addition to its role in protein synthesis, mTORC1 signaling has also been shown to negatively regulate autophagy, an important process through which proteins, other macromolecules, and organelles are degraded in the cell [21] . Specifically, treatment of cells with rapamycin has been shown to stimulate autophagy in many cell types [22] [23] [24] , including muscle cells [25] , increasing the breakdown of protein and further highlighting a role for mTORC1 as a master switch between anabolic (e.g., protein synthesis) and catabolic (e.g., autophagy) cellular processes. Along these lines, we have recently observed that the ingestion of essential amino acids, a known stimulator of mTORC1 signaling and protein synthesis, was associated with reduced levels of autophagy markers (i.e., LC3B-II) in human skeletal muscle [26] . However, the relationship between mTORC1 signaling and autophagy in human skeletal muscle has yet to be mechanistically investigated, and consequently, it is unknown whether rapamycin administration impacts autophagy in human skeletal muscle.
To our knowledge, the mechanisms regulating human skeletal muscle protein metabolism in the basal state have yet to be the focus of any investigation. Thus, to provide a foundation from which to begin to examine these mechanisms, the purpose of this study was to determine whether rapamycin administration affects post-absorptive protein metabolism in human skeletal muscle. Specifically, we administered rapamycin under basal conditions and examined skeletal muscle protein synthesis rate, whole body protein breakdown, and downstream markers of mTORC1 signaling known to regulate both the synthesis (translation initiation) and breakdown (autophagy) of muscle proteins.
Methods
Subjects
Six healthy young male (n=3) and female (n=3) subjects (Table 1) volunteered for this investigation and were studied during two separate experimental trials. All subjects were healthy and considered recreationally active but not engaged in a regularly scheduled exercise-training program. Screening for all subjects was performed with clinical history, physical examination, and laboratory tests, including complete blood count with differential, liver and kidney function tests, coagulation profile, fasting blood glucose, oral glucose tolerance test, hepatitis B and C screening, HIV testing, thyroidstimulating hormone, urinalysis, and drug screening. All subjects gave informed written consent prior to participation in the study, which was approved by the Institutional Review Board of the University of Texas Medical Branch (in compliance with the Declaration of Helsinki as revised in 1983).
Study Design
Each subject completed an experimental trial ( Fig. 1) on two separate occasions, separated by 2-4 weeks, in a randomized, counterbalanced cross-over fashion. The experimental trial was designed to obtain measurements during two consecutive 2 h basal post-absorptive periods, referred to as the "initial basal" period and "experimental basal" period, respectively. The two experimental trials completed by each subject were identical except during one trial subjects ingested 16 mg (1 mg tablets) of rapamycin (Rapamune/Sirolimus; Wyeth, Madison, NJ, USA) (RAP) at the start of the "experimental basal" period, whereas no rapamycin was ingested during the other trial (CON) (Fig. 1) . The "initial basal" period was used to control for potential day-to-day variations in basal protein metabolism, whereas the "experimental basal" period was used to control for potential intraday variations in protein metabolism during a given trial. On the evening prior to each experimental trial, subjects were admitted to the Institute for Translational SciencesClinical Research Center of the University of Texas Medical Branch and were fed a standardized meal at 1800 h and a snack at 2200 h. All subjects were studied during the same time of day (i.e., 0700-1300 h) following an overnight fast under basal conditions and refrained from exercise for 24 h prior to each experimental trial.
On the morning of each trial, an 18-gauge polyethylene catheter was inserted into a forearm vein for infusion of stable, isotopically labeled L-[ring- 13 C 6 ]phenylalanine (Isotec, Sigma-Aldrich; St. Louis, MO). The phenylalanine tracer was dissolved in sterile 0.9% saline, passed through a 2 μm filter prior to infusion, and infused at a constant rate of 0.05 μmol⋅kg −1 ⋅min −1 throughout each trial, which was preceded by a priming dose of 2 μmol⋅kg −1 [19] . During each trial a total of three muscle biopsies were obtained from the lateral portion of the vastus lateralis following local anesthesia (1% lidocaine) using a 5 mm Bergström needle with suction [27] . The first biopsy was obtained 2 h following the initiation of the tracer infusion, marking the beginning of the initial basal period. A second biopsy, marking the end of the initial basal period and the beginning of the experimental basal period, was obtained from the same incision 2 h following the first biopsy, in which the biopsy needle was inclined at a different angle such that the second biopsy was taken approximately 5 cm proximal to the first. Immediately following the second biopsy, subjects undergoing the RAP trial were administered 16 mg of rapamycin. Subjects remained in their hospital beds for an additional 2 h following the second biopsy and a third muscle biopsy was then obtained from the same incision as the first two biopsies to mark the end of the experimental basal period. During the third biopsy, the biopsy needle was inclined at a different angle so that the third biopsy was takeñ 5 cm proximal from the previous biopsy sampling site, as we have previously described [28, 29] . A catheter was also placed in the antecubital vein of the opposite arm for blood sampling. Blood samples were obtained prior to initiating the tracer infusion and periodically during the experimental trial for measurement of tracer enrichment (Fig. 1 ).
Determination of tracer enrichment
Muscle samples were homogenized and separated into protein bound and intracellular free amino acids as previously described [30] for determination of mixed protein bound and muscle intracellular L-[ring- 13 C 6 ]phenylalanine enrichment via gas chromatography-mass spectrometry (GCMS, 6890 Plus GC, 5973 N MSD, 7683 autosampler, Agilent Technologies, Palo Alto, CA, USA). Mixed protein bound enrichment was determined by GCMS in triplicate following protein hydrolysis and amino acid extraction using the m+6/m+4 ratio and an external standard curve of known m+6/m+0 ratios [31, 32] . Muscle intracellular enrichment was determined by GCMS in triplicate using the m+6/m+0 ratio. Blood L-[ring- 13 C 6 ]phenylalanine enrichment was determined from deproteinized Fig. 1 -Schematic of the experimental trial. The experimental trial was designed to obtain measurements during two consecutive 2 h basal post-absorptive periods, referred to as the initial basal period and experimental basal period, respectively. Each subject completed the experimental trial on two occasions (Control and Rapamycin) in a randomized, counterbalanced cross-over fashion. The experimental trial was identical for the Control and Rapamycin trials except that during one experimental trial subjects ingested 16 mg of rapamycin (Rapamycin trial) at the start of the experimental basal period, whereas no rapamycin was ingested during the other experimental trial (Control trial).
blood samples in duplicate using the m+6/m+0 ratio. All tracer enrichments were determined using tert-butyldimethylsilyl derivatives of the respective amino acid.
Calculations
The fractional synthesis rate (FSR) of mixed muscle protein was determined by examining the rate of L-[ring- 13 C 6 ]phenylalanine incorporated into mixed muscle protein using the precursor product model:
where ΔE p is the increment in protein-bound L-[ring- 13 C 6 ] phenylalanine enrichment between two muscle biopsies, t is the time between the two muscle biopsies, and E M(1) and E M (2) are the L-[ring- 13 C 6 ]phenylalanine enrichments in the free intracellular pool in the two muscle biopsies. Data are expressed as percent per hour. Whole body phenylalanine rate of appearance (Ra), an index of whole body protein breakdown, was calculated using the single pool model [33] :
Phenylalanine Ra = i⋅E 
Immunoblot analysis
Immunoblot analysis was performed as previously detailed [30] . Briefly, frozen tissue was homogenized, centrifuged for 10 min at 4°C, and the supernatant collected. Total protein concentrations were determined using the Bradford assay (Smartspec Plus, BioRad, Hercules, CA, USA). The supernatant was diluted (1:1) in a 2× sample buffer mixture containing 125 mM Tris, pH 6.8, 25% glycerol, 2.5% SDS, 2.5% β-mercaptoethanol and 0.002% bromophenol blue, then boiled for 3 min at 100°C. Equal amounts of total protein (50 μg) were loaded into each lane and the samples were separated by electrophoresis (150 V for 60 min) on a 7.5% or 15% polyacrylamide gel as determined by the size of the target protein (Criterion, BioRad). Each sample was loaded in duplicate and each gel contained an internal loading control and molecular weight ladder (Precision Plus, BioRad). Additionally, all samples from a given experimental trial were loaded onto the same gel and each gel contained samples from both the CON and RAP trials. Following electrophoresis, protein was transferred to a polyvinylidene difluoride membrane (BioRad) at 50 V for 60 min. Blots were then blocked for 1 h in 5% non fat dry milk and incubated in primary antibody overnight at 4°C (see Antibodies below). The next morning, blots were incubated in secondary antibody for 1 h at room temperature. Blots were then incubated in a chemiluminescent solution (ECL plus, Amersham BioSciences, Piscataway, NJ, USA) for 5 min and optical density measurements were obtained with a phosphoimager (ChemiDoc, BioRad) and densitometric analysis was performed using Quantity One 4.5.2 software (BioRad). Membranes containing phospho-detected proteins were stripped of primary and secondary antibodies using restore western blot stripping buffer (Pierce Biotechnology, CA, USA) and were subsequently re-probed for total protein with the specific antibody of interest. All phospho and total density values were normalized to the internal loading control. Data for phospho-proteins are presented as phospho/total and adjusted to represent fold change from the first basal period of the same experimental trial. The antibody utilized for microtubule-associated protein 1 light chain 3 (LC3) B protein (see below) produces bands for both LC3B-I and LC3B-II. LC3B-I is conjugated to LC3B-II during stimulation of autophagy [34] , and consequently the expression of LC3B-I and LC3B-II, as well as the ratio of LC3B-II/LC3B-I, was examined to gain insight into changes in autophagy [35, 36] . Data for LC3B-I and LC3B-II are presented as total protein expression and adjusted to represent fold change from the initial basal period of the same trial. The LC3B-II/LC3B-I ratio was calculated by dividing the total protein expression value obtained for LC3B-II by that of LC3B-I and this ratio was adjusted to represent fold change from the initial basal period of the same trial.
Antibodies
All antibodies were purchased from Cell Signaling (Danvers, MA, USA) and utilized in the following dilutions: phosphomTOR (Ser 2448 ; 1:250), mTOR (1:1000), phospho-S6K1 (Thr  389 ; 1:500), S6K1 (1:1000), phospho-4E-BP1 (Thr 37/46 ; 1:1000), 4E-BP1 (1:1000), LC3B (1:1000). Anti-rabbit IgG horseradish peroxidaseconjugated secondary antibody was purchased from Amersham Bioscience (1:2000).
Statistical analysis
A two-way repeated measures ANOVA was used to test time by trial differences. A Tukey's post hoc analysis was used when necessary to determine specific differences within an ANOVA. All data were analyzed using SigmaStat v.11.0 (Systat Software Inc, San Jose, CA, USA). Significance for all analyses was set to p<0.05. Data are presented as mean±SEM.
Results
Protein metabolism
Mixed muscle protein FSR was similar between trials during the initial basal period (p>0.05). Further, mixed muscle protein FSR was unchanged between the initial and experimental basal periods during both the CON and RAP trials (p>0.05) (Fig. 2) , and was similar between trials during the experimental basal period (p>0.05). No differences in phenylalanine Ra (index of whole body protein breakdown) were observed between trials or between the initial and experimental basal periods during the CON and RAP trials (p>0.05) (Fig. 2) .
mTORC1 signaling
No differences in the phosphorylation status of mTOR, S6K1 or 4E-BP1 were observed between trials or between the initial and experimental basal periods during the CON and RAP trials (p>0.05) (Fig. 3) .
Autophagy
No differences between trials were observed for LC3B-I, however, a main effect of time was detected for LC3B-I such that LC3B-I protein was increased during the experimental basal period relative to the initial basal period independent of trial (p<0.05) (Fig. 4) . No differences in LC3B-II protein or the LC3B-II/LC3B-I protein ratio were observed between trials or between the initial and experimental basal periods during the CON and RAP trials (p>0.05) (Fig. 4) .
Discussion
This investigation was designed to determine whether administration of rapamycin affects basal post-absorptive protein metabolism in human skeletal muscle. The novel and important findings from the current investigation are that basal rates of protein synthesis are maintained in human skeletal muscle during the immediate hours following administration of rapamycin. In addition, rapamycin administration did not appear to affect basal mTORC1 signaling, the rate of whole body protein breakdown, or markers of autophagy in human skeletal muscle. These data suggest that short term rapamycin administration may only impair the increases in human skeletal muscle mTORC1 signaling and protein synthesis rate that occur as a result of a stimulus, such as that experienced in response to resistance exercise [18] or increased amino acid availability [19] . Furthermore, the results from this investigation provide a basis in which to begin to examine the mechanism(s) that regulate basal protein metabolism in human skeletal muscle.
In the current study, post-absorptive skeletal muscle protein synthesis rate was not influenced following rapamycin Fig. 2 -Mixed muscle protein fractional synthesis rate (FSR) in skeletal muscle (A) and whole body phenylalanine rate of appearance (Ra) (B) during the initial and experimental basal post-absorptive periods during the Control (CON) and Rapamycin (RAP) trials. To control for potential day-to-day variations in basal protein metabolism, both the CON and RAP trials included an initial basal period. However, during the RAP trial, subjects were administered 16 mg of rapamycin at the start of the experimental basal period, whereas no rapamycin was ingested during the CON trial. Data are mean±SEM, n=6. To control for potential day-to-day variations in basal protein metabolism, both the CON and RAP trials included an initial basal period. However, during the RAP trial, subjects were administered 16 mg of rapamycin at the start of the experimental basal period, whereas no rapamycin was ingested during the CON trial. Data are mean±SEM, n=6.
administration. The maintenance of basal rates of skeletal muscle protein synthesis following rapamycin administration is supported by previous research in animals [14] [15] [16] 20] , although a tendency for a reduced basal protein synthesis rate in rat skeletal muscle has been observed in one previous study [13] . Further, while the dose of rapamycin utilized in the current investigation (16 mg,~0.22 mg⋅kg
) was approximately one-third of the relative dose used in previous animal studies, the dose provided in the current study yields a blood rapamycin concentration [19] above what is necessary to achieve rapamycin-dependent effects in clinical practice [37] [38] [39] . Further, we have demonstrated that a dose similar to that utilized in the current study is capable of blocking the increase in protein synthesis in response to resistance exercise [18] or essential amino acid ingestion [19] in human skeletal muscle. Therefore, the results of the current study, in addition to those previously observed in animals, strongly suggest that postabsorptive rates of skeletal muscle protein synthesis are not affected in the immediate hours following rapamycin administration.
An additional aim of this investigation was to examine the effect of rapamycin administration on makers of autophagy (LC3B-I and LC3B-II) in human skeletal muscle to provide insight into whether rapamycin administration influences muscle protein breakdown in the basal state. This aim was premised on previous investigations demonstrating that treatment of cells with rapamycin is capable of stimulating autophagy in a variety of cell types [22] [23] [24] , including C2C12 myotubes [25] . However, in the current investigation rapamycin administration had no effect on basal whole body protein breakdown rate, protein levels of LC3B-I and LC3B-II, or the ratio of LC3B-II/LC3B-I protein in skeletal muscle, collectively suggesting that rapamycin did not influence skeletal muscle autophagy or protein breakdown in the post-absorptive state. This finding is in agreement with a recent study demonstrating that autophagy in the skeletal muscle of mice under fasting conditions was largely resistant to rapamycin [40] . Collectively, these data support a hypothesis in which autophagy may be regulated through both mTORC1-dependent and mTORC1-independent processes, at least under catabolic states [41] , which would include post-absorptive conditions. On the other hand, we have observed reductions in markers of autophagy in human skeletal muscle concomitant with increased mTORC1 signaling following essential amino acid ingestion [26] , a known stimulus of mTORC1 signaling. The design of the current study however, focused solely on post-absorptive conditions, and therefore further research is necessary to define the mechanistic relationship between rapamycin, mTORC1 and autophagy in human skeletal muscle in response to an anabolic stimulus.
Concomitant with the inability for rapamycin administration to affect basal protein synthesis rate and autophagy in human skeletal muscle, we did not observe any changes in the phosphorylation status of mTOR at Ser 2448 , a marker for mTORC1 activity [42] , or well-described signaling components known to be influenced by mTORC1 (Fig. 3) . In addition, in a subset of CON and RAP subjects we did not observe any affect of rapamycin administration on the phosphorylation status of mTOR at Ser 2481 (data not shown). These findings are in agreement with previous studies in animal models in which basal levels of mTORC1 signaling appear to be largely unaffected by rapamycin treatment [15, 16] . Further, these data suggest that the inability for rapamycin administration to affect basal protein metabolism in human skeletal muscle may be related to the inability for rapamycin to inhibit basal mTORC1 signaling, which could be related to mTORC1 translocation within the cell [43] as we have previously discussed [19] . Specifically, the ability to increase mTORC1 activation and downstream signaling in response to a stimulus appears to be facilitated through mTORC1 translocation [43] , and thus it is interesting to speculate that the ability for rapamycin to impair mTORC1 signaling in response to a stimulus may be facilitated through inhibiting mTORC1 translocation. This reasoning could explain the inability for rapamycin administration to impair mTORC1 signaling during post-absorptive conditions, such as those examined in the current investigation, as it is likely that mTORC1 is already specifically localized within the cell (i.e., translocation is not necessary). Certainly, further work is needed to determine the precise role (if any) of mTORC1 signaling in the regulation of post-absorptive muscle protein turnover.
In the current study, human skeletal muscle basal protein metabolism was unaltered in the immediate hours following short-term rapamycin administration. While the timeframe analyzed in the current study encompassed peak circulating levels that occur during the first two hours following rapamycin ingestion [18, 19] , whether basal protein metabolism is affected at a later time course remains unknown. However, in a recent investigation Goodman et al. [17] observed that 14 days of rapamycin treatment did not affect plantaris muscle cross sectional area in control mice (i.e., did not undergo any change in diet or activity), suggesting that the processes governing skeletal muscle mass under "maintenance" conditions are not substantially altered with chronic rapamycin treatment. The results of the current study would support a similar outcome in human skeletal muscle. In addition, while rapamycin administration does not appear to influence skeletal muscle protein metabolism in the basal post-absorptive state, rapamycin treatment has been shown to reduce basal protein synthesis rate in cardiomyocytes [44] , indicating that the mechanisms regulating basal protein metabolism may be different across muscle tissues, and even could involve indirect affects on other signaling pathways involved in translation initiation (i.e., ERK signaling pathway) [18, 45] . Nevertheless, further research is required to determine the influence of chronic rapamycin administration on skeletal muscle mass and the health of other human tissues, as well as the influence of rapamycin administration on the protein turnover of other clinically relevant protein pools (e.g., albumin and other liver derived blood proteins). This research would have practical importance given that rapamycin is not only utilized as a tool for research purposes, but also as a treatment for various clinical conditions [37] [38] [39] 46] .
In summary, we demonstrate that short-term administration of rapamycin, at a dose capable of blocking increases in muscle protein synthesis in response to an anabolic stimulus, does not affect basal post-absorptive protein synthesis rate in human skeletal muscle. Similarly, whole body protein breakdown rate and markers of autophagy in skeletal muscle were unaltered following rapamycin administration in the postabsorptive state, indicating that basal muscle protein breakdown also appears unaffected by rapamycin. The inability of rapamycin administration to alter basal skeletal muscle protein metabolism may be related to the inability of rapamycin to substantially influence basal mTORC1 signaling. We conclude that rapamycin administration may only impair protein synthesis in human skeletal muscle when combined with a stimulus such as resistance exercise or increased amino acid availability. Further, the results from this investigation can be used as a basis in which to begin to examine the mechanism(s) that regulate basal post-absorptive protein metabolism in human skeletal muscle.
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